Although there have been several quantitative ultrasound studies on the methods of estimation of scatterer size and acoustic concentration based on the analysis of RF signals for tissue characterization, some problems, e.g., narrow frequency bandwidths and complex sound fields, have limited the clinical applications of such methods. In this report, two types of ultrasound transducer are investigated for the estimation of the scatterer size and acoustic concentration in two glass bead phantoms of different weight concentrations of 0.25 and 2.50% and those in an excised pig liver. The diameters of the glass beads ranged from 5 to 63 µm with an average of 50 µm. The first transducer is a single element and the other is a linear phased array. A comparison of the estimations obtained using both transducers gives an insight into how these methods could be applied clinically. Results obtained using the two transducers were significantly different. One of the possible explanations is that beamforming could significantly affect the backscatter coefficient estimation, which was not taken into account.
Introduction
There have been many studies about quantitative ultrasound methods in which the statistical analysis of envelope distribution, the estimation of attenuation coefficient, and the estimation of scatterer size and acoustic concentration from the backscatter coefficient were investigated. Studies using the statistical analysis of envelope distribution were conducted to quantify the progression of fatty-liver disease using the Nakagami distribution. [1] [2] [3] Similar studies using the homodyned K distribution were carried out to evaluate the aggregation degree of red blood cells in heart vessels. 4) Additionally, the Rayleigh distribution was used to characterize the fiber and fatty tissues in the liver. [5] [6] [7] [8] [9] [10] There are reports about the evaluation of fatty liver, [11] [12] [13] kidney structure, 14) bone density, 15, 16) and fatty degree in nonalcoholic fatty liver diseases [17] [18] [19] using attenuation coefficient estimates. Finally, backscatter coefficient estimation was carried out to characterize breast tumor in rats, 20) prostate cancer, 21) and intraocular melanoma. 22) The methods of backscatter coefficient estimation from RF signals acquired using a single-element transducer and a linear phased array transducer [23] [24] [25] [26] [27] have been investigated. Then, modeling approaches were used to estimate scatterer size and acoustic concentration from the estimated backscatter coefficient. [28] [29] [30] [31] [32] [33] [34] [35] These methods were used to assess breast tumor in rats, 36, 37) red blood cell aggregation, 38) fattyliver in rats, 39) and metastatic cancer cells in lymph nodes. 40) Moreover, there have been studies in which the kidney structure was evaluated using convex probes 41) and breast tumors using linear phased array probes. 42) However, these methods are sensitive to the bandwidth of the ultrasound transducer and the complex sound field often generated using beamforming algorithms with ultrasound arrays.
In this study, scatterer size and acoustic concentration were estimated using a single-element transducer and a linear phased array transducer in two tissue-mimicking phantoms filled with glass beads of known diameters. To study the effects of sound field on the estimates, the effects of transmission and reception focusing were investigated. Towards more realistic applications, the same methods were also investigated in an excised pig liver.
Estimation methods for scatterer size and acoustic concentration

Estimation using single-element transducer
The theoretical backscattered coefficient in the special case of randomly positioned spherical scatterers with a Gaussian form factor may be written as 24) 
where c is the speed of sound in the medium, f is the frequency, a is the scatterer radius (scatterer size 2a), and nZ 2 is the acoustic concentration. n is the scatterer density, and Z is the ratio of acoustic impedance of the scatterer to the medium.
Experimentally, the backscatter coefficient from a region of interest (ROI) is estimated by 33) 
where S( f ) is the Fourier transform of the RF signals from the ROI, S ref ( f ) is the calibration power spectrum, V single is the volume of the beam at focus, A is the aperture of the single-element transducer, L is the ROI length, R is the distance of the transducer from the ROI, γ is the reflection coefficient between water and the known reflector plate used to acquire
is an attenuation compensation function calculated by considering the effects of attenuation during propagation from the transducer to the ROI and in the ROI, and the effect of the windowing function used to compute S( f ). In this study, a Hanning window was used and A( f, L) is written as 30) Að f; LÞ ¼ e
where α 0 and x 0 are the attenuation coefficient and propagation distance, respectively, and α is the attenuation coefficient in the ROI. The scatterer size and acoustic concentration were estimated from a linear function of f 22 calculated by comparing the logarithm of a theoretical backscatter coefficient Eq. (1) , a) is a function of both scatterer size and acoustic concentration. To obtain the parameter estimates, a weighted least square method is used to find the best fit slope and intercept on the left-hand side of Eq. (5).
Estimation using linear phased array transducer
To estimate scatterer size and acoustic concentration using a linear phased array transducer, a similar approach was used. However, a different function is needed to estimate the backscatter coefficient because of the different sound fields generated by a linear phased array transducer. Therefore, the experimental backscatter coefficient from the ROI is estimated as 26) 
where V linear is the volume of beam at focus, d is the pitch of the element, w is the width of the element, h is the height of the element, and D is the active aperture of the transducer. In this study, the substance aperture was used for considering the apodization of the transducer.
Acquisition of data
The single-element transducer (Toray Engineering PT5-25-75) had an aperture diameter of 25 mm and a focal length of 75 mm. The center frequency of the transducer was approxinately 5 MHz. The transducer was operated in the pulse-echo mode through a pulser=receiver (Panametrics 5800). The signals were recorded and digitized on an oscilloscope (LeCroy 6030-I) at 250 MS=s. The transducer was scanned laterally by a motor stage (Newport UTM100CC1HL) with a step size of 0.3 mm between adjacent A lines. The beam width was 0.6 mm and the pulse length was 2.0 mm measured at a focal depth. Figures 1(a) and 1(b) show representative time signal and power spectra from an echo signal from an acryl plate. The linear phased array transducer (Toshiba Medical Systems PLT-704AT) from a Toshiba clinical system (Toshiba Medical Systems Aplio™ XG) was used. The center frequency of the transducer was 5 MHz. The total range was set at 40 mm, the focal depth at 30 mm, the gain at 75 dB, and the dynamic range at 60 dB. The number of elements used to transmit and receive was varied as a function of depth, because a dynamic focusing approach was used to acquire ultrasound RF data. For the same reason, the number of elements used in the apodization in transmission and reception was also varied as a function of depth. The beam width is 0.4 mm and the pulse length is 1.2 mm measured at the focal depth. Figures 2(a) and 2(b) show representative time signal and power spectra from an echo signal from an acryl plate.
Phantom experiment
Two glass bead phantoms of different weight concentrations of 0.25 and 2.50% were prepared from agar, glass beads (Potters-Ballotini EMB-10), and water. The diameters of the glass beads ranged from 5 to 63 µm with an average of 50 µm. Table I shows the speed of sound and the attenuation coefficient of these phantoms. These parameters were measured by the time-of-flight and insertion loss method. 43) RF signals were acquired from these phantoms immersed in water maintained at 23°C.
In each acquired RF signal, the ROI was set at the focal depth and scanned laterally with 90% overlap. The ROI size was 3 mm both in depth and lateral directions. Figures 3(a) logarithm scale. Using Welch's t-test, the estimated scatterer size showed significant differences between the two phantoms, although differences in average values were 8.0 and 4.2 µm, respectively. In addition, the scatterer sizes estimated using each transducer were larger than 50 µm. One possible explanation could be the use of the Gaussian form factor model for estimation. The estimated acoustic concentration estimates also showed statistically significant differences between the two phantoms. As expected, the estimated acoustic concentrations were found to be higher in the phantom with more glass beads for both transducers. Nevertheless, significant differences were also observed between the phantoms imaged using the two transducers. The possible reasons is that the conditions of transmission and reception e.g., the beamforming determined by the acoustic lens and dynamic focus, were not considered in Eq. (7). Equation (7) must be optimized for the Toshiba system.
Excised tissue experiment
RF signals from a trimmed lobe of an excised pig liver in the water at 23°C were acquired using the single-element and linear phased array transducers. The pig was male, 3 months old, and weighed 28. The scatterer size and acoustic concentration were estimated from the RF signals of the scanned ROI by the same method used in the phantom experiments. Figures 7(a) and 7(b) show the scatterer size and acoustic concentration estimated from each ROI using the transducers, respectively. Welch's t-test revealed that the acoustic concentrations obtained using both transducers were significantly different.
A possible explanation is that, the exact transmission and reception beamforming algorithms used by the Toshiba system are not considered in Eq. (7) as in the phantom experiment. In addition, the scatterer size estimated using the linear phased array was 50 µm. This seems to be due to the aggregation of the components of liver, e.g., the liver cells, central vein, and capillaries.
Conclusions
Scatterer size and acoustic concentration were estimated from RF signals acquired from two glass bead phantoms of different weight concentrations using a single-element transducer and a linear phased array transducer. There were significant differences between the results obtained using the two transducers. The scatterer size and acoustic concentration were also estimated from RF signals acquired from an excised pig liver using the same two transducers. The estimates obtained from the pig liver also showed significant differences between the two transducers.
In our future work, we will investigate the effects of sound fields produced by the linear phased array transducer and the estimation method using scattering phantoms with known properties as a reference for scatterer size and acoustic concentration estimation.
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